Abstract
Introduction to the Particle Flow Algorithm

Challenges of the High Occupancy Environment
129
The reconstruction of hadronically decaying tau jets at CDF is a good exam-
130
ple of a problem with frequent overlaps of energy deposits from nearby particles.
131
The CDF calorimeter has projective tower geometry with azimuthal segmenta- 
139
To set the stage, we need to briefly describe the sub-detector systems used in As discussed further in the text, there is a strip-wire chamber embedded inside the electromagnetic calorimeter at ∼ 6X 0 , which allows for rough measurements of the latteral profile in some cases. Longitudinal profile information is limited to two energy measurements for deposits in the electromagnetic and hadron compartments of a tower. with showers produced by photons (from π 0 → γγ) in the same jet.
170
Let us consider a relatively simple example of a jet containing a charged pion π + , a neutral pion π 0 decaying to two unresolved photons γ 1 γ 2 (depositing 172 energy in a single tower), and possibly a neutral hadron n, as illustrated in Fig. 1 .
173
While the π + momentum is known from the tracker, the energy estimation for 174 neutral particles relies on the calorimeter measurement. However, the energy 175 registered in the electromagnetic and hadronic parts of the calorimeter, E
EM meas
176
and E HAD meas , is a sum of the unknown deposits by each of the particles in the jet,
177
including that by the charged pion:
resulting in an under-constrained system with two equations and six unknowns.
179
As the leakage of the electromagnetic showers from photons into the hadron 180 calorimeter is typically small, as illustrated in Fig. 2 n. Measuring the momentum of a combined π 0 + n system, e.g. by "guessing"
196
the charged pion energy depositions and assigning the rest to the π 0 + n system,
197
is nearly exactly equivalent to measuring the jet energy using the calorimeter
198
only thus negating all advantages of the PFA technique. 
where p is the vector of particle momenta p i , index i runs over the list of parti- and j corresponding to cases where particle i is making no contribution to mea-293 surement j, which is equivalent to integrating over the corresponding dE assigned to the jet. This is accomplished by integrating over d p = dp 1 ...dp ip
and we have assumed here that the first N particles in the list are those assigned 
323
Once the most likely set of particle momenta p 0 is found, one can further 324 test the "goodness" of the particle hypothesis. We define a p-value as the 325 probability to observe a combination of detector measurements E meas that is 326 equally or less likely than the actual set E meas observed in the event, given that 327 the true combination of particles and momenta is the one that maximizes the 328 likelihood in Eq. (6):
The p-value can be easily calculated numerically by generating "pseudo-experi- clusters yields a set of pseudo-measurements E meas . The probability of the generated outcome is given by L p , and the integrated probability of observing 
where the integration runs over all possible depositions of energy by each indi-vidual particle in each available calorimeter measurement, the delta functions distribution to estimate the hadronic tau jet energy as: combined energy of the photon candidates in the jet related to E jet via pγ = E jet − pπ.
These distributions serve as statistical probability density functions for the values of the measured energy for a given jet. In the PPFA implementation discussed in this paper, the maximum of the L E (E jet ) distribution is used as the estimator for the jet energy, while the width and the shape of the distribution yield the uncertainty in the measurement of the jet energy on a jet-by-jet basis.
While the integral form presented in Eqs.(9,10) appears fairly complicated,
479
it is straightforward to implement in the code and compute numerically using evident that a vast majority of mismeasured jets have very low reduced p-value.
509
As it will be shown next, most of these mismeasurements owe to the incorrect Right: R(τ h ) for events with small p-value before correction (dashed black line) and after correction for missing photon (solid blue line). As points in the enhancements near the x-axis have typically very low p-values (10 −3 or less), coarser y-axis binning is chosen to keep these enhancements visible.
Corrections to the Particle Content Hypothesis
512
Based on the simulation studies, the majority of mismeasurements owing 513 to the incorrect initial particle hypothesis fall into two categories. we first attempt to correct it by introducing an additional photon. As no CES 530 measurement is available for this photon, the term with P CES in Eq. (9) is not included in the initial particle content hypothesis, typically have an excess 542 of energy measured in the hadron calorimeter compared to what one would ex-
543
pect from a single charged pion. As the excessive energy in the hadron calorime-
544
ter detected using the p-value cannot be accounted for by adding a photon at the 545 previous step, the p-value for these jets remains small after an attempted correc-546 tion of the initial particle content hypothesis, as shown in Fig. 6(a) . Therefore,
547
for jets with exactly one reconstructed track and no reconstructed photons that 548 had a low initial p-value (p < 0.005) and continue to have a low p-value after the 549 photon correction (the threshold is p < 0.03), the particle content hypothesis is 550 modified to contain one charged pion and one neutral kaon. Technically, it is ac-551 complished by adding a term
(as the calorimeter response for charged pions and neutral hadrons is very sim-553 ilar) in Eq. (9), and adjusting the argument of the delta-functions to include a after the correction for this class of jets is shown in Fig. 6(b) . or due to various rare mistakes in the baseline tau candidate reconstruction.
569
Some of these mistakes, e.g. significant track momentum mismeasurements, L falling into this category, in 60% of the cases either a "missing photon" or 578 "missing kaon" correction is applied in our procedure. Of these cases, about 75% 579 of the time the p-value reaches an acceptable value after applying the "missing 580 photon" correction alone and the "missing kaon" correction is thus not invoked.
581
In the remaining 25% of the cases, the algorithm applies the "missing kaon" cor-
582
rection. The sequential application of the corrections used in our procedure is 583 practical given that in the CDF environment the majority of mismeasurements 584 happen due to unreconstructed photons (tagged using CES clusters). However,
585
it is clear that one could further improve individual particle identification with 586 the already existing PPFA tools. For example, one could make a comparison 587 of the the p-values after applying each of the two corrections separately and 588 then make a decision on which one is more appropriate in a particular case.
589
Nevertheless, we conclude that the performance of the correction procedure in 590 our algorithm is consistent with the expectation. 
656
Given the above limitations, we validate the PPFA in a realistic data setting 657 and evaluate its performance as follows. First, we demonstrate that the PFFA-
658
based tau jet energy measurement in the data is well described by the simulation.
659
Similarly, we show that the PPFA p-value is well reproduced in the data. Second,
660
we study the tau jet invariant mass distribution for events with tau decays to estimate Z/γ * →τ τ , Z → ee, Z → µµ and W +jets contributions. These 685 processes are generated using Pythia Tune A with CTEQ5L parton distribu-686 tion functions [14] and the detector response is simulated using the GEANT-3 687 package [9] .
688
Once the sample is selected, the PPFA reconstruction is performed in data the reduced p-value, which quantifies the level of consistency of the contribut-
698
ing calorimetric measurements with the hypothesis maximizing the PPFA like-699 lihood. Despite its seeming complexity, the distribution for the reduced p-value 700 is well described by the simulation. Figure 9 shows the distribution of the PPFA 701 p-value for selected hadronic tau candidates with one or three charged tracks.
702
Apart from the good agreement between the data and simulation, it is evident 703 that the reduced p-value provides discrimination against the jets from multi-jet
704
QCD events and can be utilized in physics analyses to improve the purity of 705 selected data. estimations of the latter from data.
715
Although only modestly sensitive to the accuracy of the jet energy measure- 
725
Note that the pedestal near m = 0.14 GeV/c 2 is due to tau jets with no re- The clean Z→τ τ sample used so far features extremely tight lepton leg selections designed to achieve a high purity source of hadronic taus. While effective in reducing multi-jet backgrounds, such selections are not typical of physics analyses due to their very low signal efficiency. 
762
The summation goes over particles in the jet, E i being the particle energy 763 and θ i is the angle between the particle and the visible 4-momentum of the 764 tau jet. The specific cut choices for ∆θ(τ ) and m(τ ) (see Table 1 ) aim at a 765 high signal efficiency while rejecting the tails of the corresponding distributions 766 dominated by the background events. These cuts are therefore expected to 767 reduce background contamination, but are not optimized in any particular way.
768
The selections discussed above can be equally applied to both the standard and 769 the PPFA-based analyses. Finally, we apply an additional p T -dependent cut 770 Table 1 : Selections used in the two proto-analyses using either PPFA or standard CDF selection for hadronically decaying tau jets. The first group of selections corresponds to standard CDF selections applied first in both analyses. The second group shows additional non-standard selections using the invariant mass and the narrowness of the tau candidate's jet cluster that can be applied to both analyses. The last selection uses the PPFA p-value and is only applied to the PPFA proto-analysis. 
Conclusions
786
The PPFA is a consistent, probabilistic framework designed for accurate re- 
